The API-MS spectra of 6-deoxyerythronolide B (6-dEB) and a number of its analogs have been studied to gain information into the fragmentation patterns of 6-deoxyerythronolides under atmospheric pressure ionization conditions. The API-MS spectrum of 6-dEB shows five major families of fragments. The spectra of a series of desmethyl-6-dEBs allow assignment of these fragment families to structural subunits as well as provide information regarding the fragmentation mechanisms. The spectrum of [9-18O]-6-dEB is consistent with loss of the ketone oxygen during the first dehydration, and the spectra of other oxygen-modified analogs implicate the non-obligate formation of a 5,9-hemiacetal in the initial stages of fragmentation. These results taken together are used to propose a model for the fragmentation of 6-dEB and its analogs under API conditions. 
has driven the development of combinatorial biosynthesis, which holds promise for the enzymatic synthesis of large libraries of new polyketides. Correspondingly powerful analytical chemistry is a necessary tool for the implementation of combinatorial biosynthesis, as large numbers of engineered organisms must typically be analyzed for production of new compounds. Atmospheric-pressure ionization mass spectrometry (API-MS) is currently a nearideal analytical technique for this purpose. Fermentation broths can be analyzed directly and rapidly with little or no manual sample preparation, and with sufficient sensitivity to detect even low-level production. Most polyketides give complex mass spectral fragmentation patterns, and often the structural regularity of polyketides gives rise to multiple As reported herein, these analogs provide a unique tool with which to study the fragmentation of erythronolides in API-MS.
Materials and Methods
General NMR spectra were obtained using a Bruker DMX-400 spectrometer fitted with a 3-mm carbon-proton gradient probe (Z-Spec MDG400B, Nalorac) operating at 400MHz for 1H and 100MHz for 13C measurements. Spectra were acquired in CDCl3 solution with samples at 293K unless otherwise noted. Resonance assignments were based on gradient 1H-13C-HSQC, gradient 1H-13C-HMBC, and gradient 1H-COSY experiments. 6-Deoxyerythronolide B (1) and 14-desmethyl-6-deoxyerythronolide B (8,8a-deoxyoleandolide, 10) : isolated from cultures of Streptomyces coelicolor expressing 6-deoxyerythronolide B synthase as previously described4).
[9-18O]-6-Deoxyerythronolide B (2) and [9-18O]-5-Omethyl-6-deoxy-erythronolide B (14): A sample of 6-dEB at ambient temperature, at which MS analysis indicated essentially complete incorporation of one 18O atom. To determine the location of the label, a 2:1 mixture of labeled and unlabeled 6-dEB was examined by 13C-NMR.
The resonance for C-9 in labeled 6-dEB was observed to be shifted upfield by 0.05ppm relative to unlabeled 6-dEB, demonstrating incorporation of the label into the 9-ketone group.
[9-18O]-5-O-Methyl-6-dEB (14) 1), 86.1 (C-5), 79.3 (C-3), 76.1 (C-13), 70.9 (C-11), 56.4
(OMe), 44.0 (C-2), 43.7 (C-10), 40.5 (C-12), 38.6 (C-8), 37.4 (C-4), 37.3 (C-7), 29.3 (C-6), 25.4 (C-14), 15.7 (Me-6), 14.8 (Me-2), 13.1 (Me-8), 10.6 (Me-15), 9.1 (Me-12), 7.6 (Me-4), 6.1 (Me-10). MS/MS mass spectra were obtained on an Applied Biosystems/Sciex API-3000 triple-quadrupole spectrometer equipped with a TurboIonSpray ion source. Declustering and focusing potentials were set to 26V and 120V, respectively. Collision energies in the range of 10-20eV were used. For flow inject analyses, the source was at ambient temperature and the analyte was infused into the Chromatography was performed on an Agilent Eclipse gradient from 15 to 100% acetonitrile in water (both containing 0.1% formic acid). The column eluate was introduced directly into the source without splitting.
Results

API-MS of 6-Deoxyerythronolide B
To simplify analysis and discussion, we characterize the API-MS spectrum of 6-dEB (1, Figure 1 ) as consisting of five major families of fragments, herein referred to as the A, B, C, D, and E families (Table 1, Figure 2 ). Each family results from a major fragmentation of the polyketide chain, and members within each family are related by dehydrations, with increasing dehydrations being indicated with higher numbers. The highest mass A-family fragment is thus designated "A1." We have investigated these five fragment families as they are relatively instrument-independent and thus most broadly applicable. The mass spectra of 6-dEB obtained using a single-quadrupole spectrometer using an atmospheric-pressure chemical ionization source and in-source fragmentation are essentially identical to those obtained using a triple-quadrupole spectrometer using an electrospray ion source and collision-induced fragmentation, although differences are observed for ions at m/z less than -150. We note that the mass spectra obtained by Fourier transform ion cyclotron resonance mass spectrometry of sodiated 6-dEB are somewhat different, although ions analogous to some of the A and B family ions are observed1). The A families and the E fragment were shifted by -14amu in all desmethyl analogs. The B families were shifted by -14amu in all families except for 12-desmethyl-6-dEB (9) and 14-desmethyl-6-dEB (10), indicating that the C-12-C-15 fragment of 6-dEB is lost during formation of the B family. The C families were shifted by -14amu in all families except for 2-desmethyl-6-dEB (4) and 4-desmethyl-6-dEB (5), indicating that the C-2-C-4 fragment of 6-dEB is lost during formation of the C family. The D families were shifted by -14amu for the 2-desmethyl (4), 4-desmethyl (5), 6-desmethyl (6), and 8-desmethyl (7) analogs, indicating that C-10-C-15 is lost in generating the D family of fragments.
Further information on the C1 fragment was obtained from MS/MS product ion scans on desmethyl compounds
(1), (6), (7), (8), and (10). The major daughter ions formed from C1 in the spectrum of (1) show m/z 123 (C1a), 113 (C1b), 99 (C1c), and 71 (C1d). Daughter ion C1a is shifted by -14amu for all these analogs except (10), while C1b is shifted by -14amu only for (6) and (7). Daughter ions C1c
and C1d are shifted by -14amu only for (10). These results confirm that C1 comprises the C-5-C-15 segment of 6-dEB, and suggest that C1a comprises C-5-C-10, C1b comprises C-5-C-9, and C1c and C1d comprise carbons from the C-11-C-15 segment of 6-dEB.
API-MS of Oxygen-Modified 6-dEB Analogs
Unlike the case for desmethyl-6-dEB analogs, modification of the oxygen functionalities causes significant changes in the mass spectrum of an erythronolide. Modification of such functionality involved in fragment formation should prevent formation of selected fragments.
The spectrum of 11-deoxy-6-dEB (15) is particularly simple, consisting only of the A family, C family, and an E fragment corresponding to [M+H-H2O-CO2]+. The B and D families are absent, indicating a role for the 11-OH group in formation of these families.
The spectrum of 5-O-methyl-6-dEB (13) was examined to provide information on the involvement of the 5-OH group in the fragmentation of 6-dEB. The spectrum of (13) (14) shows that all fragments with m/z greater than 150 completely retain the 9-carbonyl oxygen atom, in contrast to the observation with (2). The spectrum of 5-deoxy-6-dEB (11) is similar to but simpler than that of (13), showing the expected A family, a B family that apparently arises directly by loss of 98amu from [M+H]+, and a D family that is 16amu less than that observed in the spectrum of 6-dEB. 
Discussion
The API-MS spectra of a variety of desmethyl 6-dEB analogs have been studied to gain insight into gain insight into the mechanisms of fragmentation of erythronolides under these analytical conditions. Previous studies on this class of compounds have been hampered by the structural regularity of polypropionates such as 6-dEB, which leads to ambiguities in the assignment of observed fragment ions to particular segments of the parent molecule1). The availability of 6-dEB analogs from genetic engineering of the polyketide synthase has provided a valuable tool with which to probe this problem.
Our working hypothesis was that the major fragmentation pathways of 6-dEB involve or are controlled by the oxygenated functionalities of that molecule. This is based on the relatively high proton affinities of carbonyls and hydroxyl groups and the lack of carbon-carbon unsaturation in the molecule. Further to this, we assume that fragmentation is controlled by the site of charge localization, with the charge serving to activate groups for reactions via eliminations, retro-aldol cleavages, or cyclizations. Fragmentations from different regions of the polyketide are thus assumed to occur either through differential initial protonation sites (i.e., different structures for [M+H]+) or through charge migration in the ions.
Given the relatively dense oxygen functionality on polyketides such as erythronolides, charge migration should be facilitated by intramolecular proton transfer between appropriately spaced acidic and basic sites. Based on these assumptions, removal of a methyl group from 6-dEB is expected to have only minor effects on the overall fragmentation pattern of the polyketide, and should result in the same families of fragment ions with one or more family shifted relative to the ions in 6-dEB due to the absence of the methyl group. When a fragment family in a spectrum of the desmethyl analog is observed to shift by 14amu relative to the same family in the 6-dEB spectrum, the carbon bearing the methyl group is retained in the substructure that gives rise to the fragment family. Conversely, when a fragment family in a spectrum of the desmethyl analog is observed to remain unchanged relative to the same family in the 6-dEB spectrum, the carbon bearing the methyl group is lost in the substructure that gives rise to the fragment family. In agreement with this hypothesis, the spectra of the desmethyl-6-dEB analogs in general show the same families of fragment ions as 6-dEB, with some families being shifted by -14amu relative to their counterparts in the spectrum of 6-dEB. The spectra of the desmethyl-6-dEB analogs investigated thus indicate members.
The B family shows a more complex dependency on structure than does the A family, and thus provides more information regarding the analogs. The B family ions were shifted by -14amu in all desmethyl-6-dEB analogs except for 12-desmethyl-6-dEB (9) and 14-desmethyl-6-dEB (10), indicating that at least the C-12-C-15 fragment of 6-dEB is lost during formation of the B family. Further, the B family remains unshifted in the spectrum of 15-methyl-6-dEB (3). The B family is not observed in the spectrum of 11-deoxy-6-dEB (15). These facts are consistent with a pathway through which the C-11-C-15 fragment is lost, for example through a retro-aldol type fragmentation involving the 11-OH and 9-CO groups. Thus, the B family of ions gives information concerning the substitution of the C-11-C-15 fragment of the erythronolide. by retro-aldol to eliminate the C-11-C-15 segment and provide B1. In the second mechanism, operative when X is not OH and possibly a minor pathway when X is OH, alternate fragment B1* forms by direct cleavage of the C-10-C-11 bond through a retro-aldol process. In both cases, it is assumed that eliminative delactonization is fast relative to fragmentation, as has been observed in the case of simple triketide lactones8).
MS/MS analysis reveals that further fragmentation of B, leads to B2 as well as formation of m/z 197, in keeping with the proposed structure (Scheme 2).
The spectrum of analogs modified at the 5-OH group were examined to further probe the involvement of the 5-OH group in fragmentation of 6-dEB. Methylation of the 5-OH to give (13) or removal as in (11) and (12) 
